Although optics-less cutaneous ("skin") vision is not uncommon among living organisms, its mechanisms and capabilities have not been thoroughly investigated. This paper demonstrates, using methods from statistical parameter estimation theory and numerical simulations, that arrays of bare radiation detectors arranged on a planar or curved surface have the ability to perform imaging tasks without any optics at all. The working principle of this type of optics-less sensors and the model developed here for determining their performance may be used to shed light on possible mechanisms, capabilities and evolution of cutaneous vision in nature.
Introduction
Organisms in nature use a wide variety of visual systems [1, 2] . Most of them use optics to form images, but optics-less cutaneous vision (skin vision) is also found among many types of living organisms. One example may be heliotropism, the ability of some plants to orient their leaves or flowers towards the Sun. It seems obvious that this ability requires some sort of "skin" vision to determine direction to the Sun. There are also many examples of animals with organs that may be classified as opticsless imaging sensors. These include:
• "Primitive eyes" of many invertebrates, including eye spots (patches of photosensitive cells located on the skin), cup eyes, and pit eyes [1, 2] .
• Cutaneous photo-reception in reptiles [3, 4] .
• "Pit organs" of vipers located near their normal eyes -these image forming organs are sensitive to infra-red radiation and do not contain any optics [5, 6] .
• The "lateral line system", an organ characteristic of some fishes, which is sensitive to pressure waves in water and which they use to localize sources of vibration located within approximately one body length [7] .
• Electro-receptors, found in some types of fishes and sharks, as well as the platypus, are sensitive to electric fields. These organs allow animals to sense electrical-field variations in their surroundings within approximately one body length. Data presented in [8] suggest that the platypus as a whole has approximately 100 times the sensitivity of a single electro-receptor to an electrical source, which may imply that both multiple-receptor data fusion and higher-level processing is being carried out by the platypus.
There are also a numerous reports on the phenomenon of cutaneous vision in humans [9] [10] [11] . In particular, Ref. [10] provides some quantitative data on the ability of a certain young woman to "see" images using only the fingers of her right hand. It also reports that in a series of carefully conducted tests, this subject demonstrated the ability to detect colours, to resolve patterns in near-contact with her fingers with a resolution of about 0.6 mm and the ability to determine simple patterns within a maximal distance of 1-2 cm from the fingers. Refs. [12, 13] report experiments, which suggest that photosensitive cells on the skin (abdomen, back, foot, and tongue have all been used) may be used to allow blind people to "see" to a limited extent in a process that is termed "sensory substitution". However, most available publications provide phenomenological findings rather than discussion of the underlying mechanisms and capabilities of cutaneous vision. The properties of cutaneous vision reported in the literature correlate very well with the properties of the "Opticsless Smart" (OLS) sensors proposed recently in [14] [15] [16] . This correlation enables us to consider operational principles of OLS sensors as a possible mechanism of cutaneous vision, as well as of other types of primitive vision.
OLS sensors and their operation principle
OLS sensor consists of arrays of radiation detectors (receptors) arranged on planar or curved surfaces and supplemented with a signal processing unit. This unit collects the outputs of the detectors and uses them to compute statistically optimal estimates of radiation source intensities and coordinates. The detectors are not supplemented with optics or any other means with which to shape their angular sensitivity beyond the inherently defined by physical properties of their surface. Depending on a priori knowledge about radiation sources these planar OLS sensors can be used in the following basic operation modes:
• "General localization" mode: estimation of intensities and locations of a known number of point ra- diation sources
• "Imaging" mode: estimation of intensities of a given number of point radiation sources with known spatial locations
For the purpose of this paper, we will concentrate on planar OLS-sensors shown in Fig. 1a . We will explain their operational principle using a 2-D model shown in Fig. 1b . As shown in Fig. 1b , let {I 0 0 } represent the intensity and coordinates of a radiation source in the sensor's coordinate system and let the sensor consists of N radiation detectors, whose outputs { } = 1 N are used in the signal processing unit to determine the source intensity and coordinates {I 0 0 }. Assume that -th detector has an angular sensitivity function AngSen (θ ), where θ ∈ [−π/2 π/2 ] is the angle between the surface normal and the direction to the source from the detector's position ( 0). Assume also that the detector's response to the radiation is corrupted by a random interference { } that can be modelled as additive signal independent Gaussian noise. Then, taking into account that radiation energy is inversely proportional to the distance from the radiation source to the detector, the output of the k-th detector can be written as
In view of the statistical nature of sensor noise, the Bayesian approach to optimal parameter estimation can be applied [17] . Without limitation of generality, we will assume here that the signal-processing unit of the sensor is programmed to compute the Maximum Likelihood 
In what follows we will use the simplest model for the angular sensitivity function of detectors. Specifically, we will assume that detector's output to radiation is proportional to the radiation energy per unit surface area of the detector. This assumption implies the so-called Lambertian model, according to which detector's output to radiation is proportional to the cosine of the angle between the surface normal and the direction to the radiation source. In this case the angular sensitivity function AngSen (θ ( 0 0 )) of k-th detector in Eq. (2) is defined by the equation
Sensors' performance: theoretical lower bounds
Conventional optical imaging devices satisfy the superposition principle and are modelled as linear systems. Consequently, their performance is commonly characterized by their point-spread functions. OLS sensors are decisionmaking devices. Because of this they are essentially nonlinear and their imaging capability can't be treated in terms of point-spread functions. We will evaluate the performance of the OLS sensors in terms of variances of the source parameter estimation errors. Statistical theory of parameter estimation shows that, for parameter estimation from data corrupted by sufficiently small independent Gaussian additive noise, estimation errors have a normal distribution with a mean of zero and a variance given by the Cramér-Rao Lower Bounds (CRLB, [17] ). Derivation of CRLB requires quite bulky computations. For the sake of brevity, we provide here results obtained for a simple special case of three detectors and one source on sensor's "optical axis" in front of it at coordinates ( 0 = 0 0 = 1) in units of inter-detector distance. In this case CRLB error variances V {I }, V { }, and V { } in estimating of source intensity and X-Y coordinates are found to be 1 :
where σ 2 is the detector noise variance.
This result implies that planar OLS sensors are potentially capable of estimating the intensities and coordinates of radiation sources in their vicinity with estimation errors of the order of magnitude of the relative noise level at sensors' detectors. Eqs. (5) and (6) also suggest that the sensor is more accurate in estimating X-coordinate than Y-coordinate.
Cases involving larger number of detectors and larger number of sources are much more involved. From general principles of mathematical statistics, one can expect that estimation accuracy will increase with an increase of the number of detectors. The increase will, however, soon slow down, because individual detectors do not contribute uniformly to the estimation. Detectors which are closest to the source provide the main contributions. On the other side, one can also expect that, given the number of detectors, the source parameter estimation accuracy will decrease with an increased number of sources.
Numerical simulation of OLS sensors and simulation results
The performance and imaging capability of planar OLS sensors were thoroughly studied by means of statistical simulation. To solve the optimization problem of Eqs. (2) the multi-start algorithm based on a Quasi-Newton optimization procedure [18] was used. For each vector of the source parameters, the model was run 20-50 times in order to accumulate statistical data to evaluate the sensor performance in terms of the standard deviation of the parameter estimation error over the runs. It should be noted that the stochastic algorithm used by the global-optimization method is not guaranteed to always converge to the global minimum, although in most cases convergence does occur. In order to eliminate the results of non-converged runs, robust estimates were first found for the meanμ and standard deviationσ
where Q1, Q2 and Q3 are first, second and third quartiles of the data distribution. Data outside the range: [μ − 4σ μ + 4σ ] were removed, and the mean and standard deviation were re-calculated from the remaining data. Additionally, in order to accelerate the search and improve the reliability of global-minimum location, input data were subjected to de-correlation pre-processing by means of the "whitening" algorithm [19] that proved to be the optimal pre-processing algorithm for target location in the clutter. It is interesting to note a similar de-correlation data pre-processing is known in vision science as the "lateral inhibition" [20] .
The computer model was successfully tested for fitness to the above theoretical lower bounds of errors of estimating the intensity and co-ordinates of a single radiation source by a three-detector sensor. The model was then run to evaluate the sensor field of view. The source intensities form an image containing the characters "SV." The noise standard deviation at the detectors was set to 0.01 in units of source intensities, which were set to zero (dark) and one (bright). As one can see from the figure, the planar OLS-sensor with a realistic noise level is capable of reasonably good imaging of radiation sources located in its close proximity, though the quality of the estimates rapidly decays with the distance to the sources. This phenomenon matches observations published in the above-mentioned studies of cutaneous vision. A natural option in the design of OLS sensors is to place the detectors on curved surfaces. One can expect that bending the surface of a planar sensor into a curved convex surface will result in widening the sensor's field of view, while bending the sensor to form a concave surface will narrow its field of view. Simulation experiments confirm this expectation. This is illustrated in Fig. 4 by maps of the standard deviations of intensity estimates for a radiation source as a function of source position with respect to a curved line array of eleven detectors. In [16] , we show that an array of detectors placed on the outer surface of a sphere and supplemented with a corresponding signal processor has 4π steradian field of view. Yet another fact revealed by the experiments is that sharpening the detector angular sensitivity function AngSen (θ ) with respect to the Lambertian cosine law, such as making it proportional to (cos θ ) P , with P > 1, improves the sensor's accuracy in estimating the source parameters. 
Discussion and conclusions
Simulation results for OLS sensors presented here show that reasonably good directional vision without optics is possible even when using the simplest possible detectors (whose angular sensitivity is defined only by the surface absorptivity, such as the natural Lambertian one). These results are also in a good correlation with published experimental observations in studies of cutaneous vision. Main advantages of the OLS-sensors are:
• No optics are needed, making this type of sensor applicable to virtually any type of radiation and to any wavelength.
• The design is flexible: the shape of the sensor's surface can be easily changed to fit the required sensor's field of view without any changes in the signal processing software except updating its input numerical parameters such as angles of detectors' normals in the sensor coordinate system.
• The sensor's resolving power is determined ultimately by the number of detectors, their geometry and signal-to-noise ratio; diffraction-related limits are not relevant to OLS sensors.
The cost for these advantages is the high computational complexity, especially when good imaging properties for multiple sources are required: the computational complexity of OLS sensors grows exponentially with the number of sources in the naïve solution, although there are ways to reduce it to polynomial. This might be a reason why natural selection resulted in lens-based camera vision rather than "skin" vision as a main vision instrument in vertebrates. What a lens does in parallel and at the speed of light, optics-less vision must replace by computations in neural machinery, which is much slower and requires many biological resources. This motivates advancing the hypothesis that optics-less cutaneous vision may have appeared at very early stages of evolution and that evolution of vision started from formation, around primordial light sensitive cells, of neural circuitry for implementing imaging algorithms similar to those in our model of the planar OLS sensor, including, at one of the first steps, the lateral inhibition. Then, as our planar OLS sensor model naturally suggests, flat primordial eyespots may have evolved in two independent ways:
(i) bending of the primordial almost-flat sensor surface to convex spherical form coupled with sharpening the angular sensitivity of detectors by means of lenslets and waveguides, might have allowed the eyespot to evolve into a compound facet eye;
(ii) bending of the primordial sensor's surface to a concave spherical form covered by a protective transparent medium, might have allowed the eyespot to evolve into camera-like vision.
Possible mechanisms of such evolution of eye optics are discussed elsewhere [21] [22] [23] . In addition, our model of OLS sensors suggests that, in both cases, the evolution of eye optics had to be paralleled by the evolution of eye neural circuitries as parts of animal brains. To understand this process, it is important to note that, as it follows from the theory of optimal target location in images, detection and localization of targets does not necessarily require formation of sharp images and can be carried out directly on images, which are not sharply focused [19] . Image sharpness affects the reliability of detection and becomes important only for low signal-to-noise ratios at detectors. Therefore, gradual improvements of eye optics translated into improved target detection reliability and allowed transferrance of increasingly higher fractions of eye neural circuitry and brain resources from image formation to image understanding. To conclude, we believe that the operational principle and properties of OLS sensors may cast light on mechanisms, capabilities and evolution of extra-ocular vision in nature and may suggest new ways for planning further experiments with animals and humans. Specifically, we believe that experiments with blind people would be useful to determine -the sensitivity of peoples' skin to light of different wavelengths from the visible range to infrared;
-the spatial density of light sensitive skin cells, if there are any, at the surface of different parts of the body; -the range of light intensity that can detect by these cells in humans.
If the skin's sensitivity to light is confirmed and quantified, it could, perhaps, be possible to train blind people to detect and recognize simple patterns of light sources placed at appropriately close proximity to light sensitive parts of the body, bearing in mind that the pattern complexity must be commensurable with the density of light-sensitive skin cells.
